Thyroid hormones (THs) are key regulators of cellular growth, development, and metabolism. The thyroid gland secretes two THs, thyroxine (T4) and triiodothyronine (T3), into the plasma where they are almost all bound reversibly to plasma proteins. Free forms of THs are metabolically active, however, they represent a very small fraction of total TH levels. No genome-wide studies have been performed to date on total TH levels, comprising of protein-bound and free forms of THs. To detect genetic variants associated with total TH levels, we carried out the first GWAS meta-analysis of total T4 levels in 1121 individuals from two Croatian cohorts (Split and Korcula). We also performed GWAS analyses of total T3 levels in 577 individuals and T3/T4 ratio in 571 individuals from the Split cohort. The top association in GWAS meta-analysis of total T4 was detected for an intronic variant within SLC22A9 gene (rs12282281, P = 4.00 × 10 −7 ). Within the same region, a genome-wide significant variant (rs11822642, P = 2.50 × 10 −8 ) for the T3/T4 ratio was identified. SLC22A9
Introduction
The thyroid gland secretes two thyroid hormones (THs), thyroxine (T4) and triiodothyronine (T3), that are essential for the regulation of many metabolic processes throughout the body [1] . The production and secretion of THs are regulated by the combined action of the hypothalamus, pituitary, and thyroid gland known as the hypothalamus-pituitary-thyroid axis [2] . The release of the T4 and T3 into the circulation is under the direct control of the thyroid-stimulating hormone (TSH) from the pituitary gland [1] .
Once secreted into the plasma, THs circulate almost entirely bound to plasma proteins (99.8%), and only a small proportion of THs exist as the unbound free fraction [3] . The free T4 (fT4) and free T3 (fT3) are biologically active and affect intracellular metabolism [3] , with T3 being 3-4 times more potent than T4. T3 is a major active form of THs that binds to TH receptors in target cells [1] , while T4 is thought to act more as a reservoir of THs in the blood. In the euthyroid state, the T4 hormone is secreted by the thyroid gland in much higher concentrations than T3, in a ratio of approximately 17:1 [4] and has a longer half-life than T3 (1 week versus 1 day) [5] . The relationship between T4 and T3 levels in healthy individuals, usually expressed as a T3/T4 ratio, is a finely tuned measure where individuals with the highest T4 tend to have a minimal T3/ T4 ratio, and those with lower T4 have an increase in the T3 fraction [6, 7] .
Serum thyroid levels have substantial inter-individual variability, while the intra-individual variability is within a narrow range resulting in a specific thyroid set-point for an individual [8] . Estimates show that approximately 45-65% of the inter-individual variation in serum TSH, fT3, and fT4 levels is influenced by genetic factors [8, 9] . Heritability for total THs was estimated to be around 30% [10, 11] . So far, nothing is known about genetic variants influencing total T4 nor T3 levels in the blood. In the last decade, genome-wide association analyses (GWAS) have identified more than 40 genes associated with thyroid function, mostly with TSH and fT4 levels [12, 13] , but none has been conducted for total TH levels. Although the free forms of THs are biologically active, identification of genetic background underlying total TH levels may provide important information since they represent total availability of THs in the circulation. The underlying genes related to the total thyroid levels potentially revealed by GWAS can lead to important biological pathways of TH metabolism.
The aim of this study is the identification of genetic loci associated with total TH levels by performing a GWAS meta-analysis of total T4 levels combining results from two Croatian populations (Split and Korcula). A GWAS for total T3 serum levels and the T3/T4 ratio was performed in Split cohort only.
Materials and methods

Study population
This study included 1121 individuals from two Croatian cohorts: from the city of Split and the island of Korcula. The individuals were derived from the population-based "10 001 Dalmatians project", which is a part of the Croatian Biobank program [14] . The baseline characteristics of the study population are presented in 
Genotyping and imputation
Genotyping, imputation details, and quality control procedures for individual cohorts are described in the previous studies of Matana et al. [15, 16] . All single nucleotide polymorphisms (SNPs) with a minor allele frequency <0.01 or having an imputation quality <0.4 in any of the two cohorts, were removed from the analyses. After exclusions, the final number of SNPs included in the analyses were 7,597,900 for T4 levels present in the Split and Korcula cohort, 8,753,628 for T3 levels and 8,752,746 for T3/T4 levels present in the Split cohort only.
Biochemical measurements
Serum levels of total T4 and total T3 were determined by a chemiluminescence immunoassay method using a fully automated instrument "Liaison" Biomedica Chemiluminescence Analyzer in the Laboratory of Biochemistry, Department of Nuclear Medicine, University Hospital Split. The reference ranges for serum levels were T4: 57-161 nmol/L and T3: 1.3-3.6 nmol/L. Individuals taking thyroid medication, who underwent thyroid surgery, who had positive thyroglobulin autoantibody (TgAb) or thyroid peroxidase autoantibody (TPOAb), or had serum T4, TSH, fT3, fT4 levels outside the normal range, were excluded from the analysis. Total T4 serum levels were measured in both cohorts, Split and Korcula. Total T3 serum levels were measured in Split cohort only. After applying above described exclusion criteria, the number of individuals with genotyped data available was 623 in the Split cohort, and 498 in the Korcula cohort for T4 levels, and 577 individuals in the Split cohort for T3 levels. We also created a variable of the T3/T4 ratio for all individuals where both T3 and T4 were available (N = 571).
Genome-wide association analyses
Total T4 levels were analyzed in Split and Korcula cohorts separately and later combined by meta-analysis. Total T3 levels and T3/T4 ratio were analyzed in Split cohort only. Prior to analyses, each trait was adjusted for fixed effects of age, sex, and body mass index (BMI) [17] using linear regression analysis, and the obtained residuals were inverse-Gaussian-transformed to achieve a normal distribution. Association analyses of adjusted trait levels were performed using a linear mixed model, which accounts for population structure and relatedness, assuming an additive genetic model. For the Split cohort, the analyses were performed using GenABEL R statistical package and SNPTEST, and for the Korcula cohort using GenABEL and VariABEL [18, 19] . All GWAS inflation factors (lambda values) were close to 1 (λ > 0.99), so no genomic correction was applied.
Meta-analysis
Association results of total T4 levels for two cohorts, Split and Korcula, were combined using an inverse-variance fixed-effect meta-analysis performed in the R-package MetABEL, version 3.3.1 (available from http://www.Rproject.org/), using estimates of the allelic effect size and standard error. Genomic control inflation factor (lambda) for the meta-analysis was λ = 1.00. To evaluate heterogeneity in effect sizes between two cohorts, we used I 2 statistic for heterogeneity implemented in METAL [20] , but no heterogeneity was detected (HetI 2 = 0.0%, HetP = 0.589). The UCSC Genome Browser, Ensembl, and Locus Zoom were used to identify genes in the regions where significant SNPs were identified [21, 22] . Manhattan plots and quantile-quantile plots were created to visualize association results using the R package qqman [23] . Cluster plots of all prioritized SNPs were examined using the Illumina GenomeStudio software package, to minimize the possibility of spurious association due to genotyping error. Associations were considered genomewide significant if P-values were below 5 × 10 −8 and suggestive if P-values were below 5 × 10 −7 .
Results
In the GWAS meta-analysis of total T4 levels across Split and Korcula cohorts (Fig. 1 ), the top finding was shown for an intron variant rs12282281 with suggestive evidence of association (P = 4.00 × 10 , β = −0.88, SE = 0.17, MAF = 0.02, Table 2 ). SNP rs12282281 is located on chromosome 11 in the SLC22A9 gene. The regional association plot for rs12282281 is presented in Fig. 2 .
Within the same region, we detected a genome-wide significant variant (rs11822642) for T3/T4 ratio (P = 2.50 × 10 −8 , β = 0.83, SE = 0.15, MAF = 0.04, Table 2 ). SNP rs11822642 is located~56 kb apart from the top SNP detected in T4 meta-analysis (rs12282281). Linkage disequilibrium (LD) between those two SNPs is r 2 = 0.42. SNP rs11822642 is located between SLC22A9 and HRASLS5 genes on chromosome 11. The regional association plot for rs11822642 is presented in Fig. 3 .
There were no other genome-wide significant loci for the T3/T4 ratio, but two suggestive ones were identified: rs4941659 (P = 1.26 × 10 N number of individuals, Chr chromosome, A1 effect allele, A2 other allele, MAF minor allele frequency, SE standard error, I 2 statistics which measures heterogeneity on a scale of 0-100%, P het P-value for heterogeneity statistic The bold value indicates that SNP rs11822642 reached the genome-wide level of significance (P < 5 × 10 For the T3 levels, we revealed 3 variants with suggestive evidence of association: rs4712793 (P = 6.09 × 10 (Table 2 ). Their regional associations plots are presented in Supplemental Fig. 2 . Distributions of T4, T3, and T3/T4 per genotype of rs11822642 (genome-wide significant SNP in the T3/T4 analysis) and rs12282281 (suggestively associated SNP in the T4 analysis), both located in SLC22A9 region, are presented as box plots in Supplemental Fig. 3 . Data shown in Supplemental Fig. 3 were derived from Split cohort where individuals with measures for both phenotypes, T4 and T3, were available. Genotype counts and mean values for all reported SNPs shown in Table 2 are presented in Supplementary Table 1 .
Discussion
In this study, we performed the first GWAS meta-analysis of total T4 levels and identified a suggestive association with a locus encompassing SLC22A9 gene. In the same region, the genome-wide significant association was detected for the T3/T4 ratio in the Split cohort.
The variant showing the most significant association with T4 was an intron variant (rs12282281) within SLC22A9 gene. The allele G of the rs12282281 was associated with decreased levels of T4 in the serum. The SNP (rs11822642) showing the genome-wide significant association with the T3/T4 ratio is located~56 kb apart and is in a moderate LD (r 2 = 0.42 for the CEU population) with the T4-associated top SNP (rs12282281). The allele T of the rs11822642 was associated with the higher T3/T4 ratio (P = 2.11 × 10 −8 ) and decreased levels of T4 levels (P = 0.00066). Individuals with T allele also tend to have increased T3 levels, although this was not shown to be significant. SLC22A9 (also known as OAT7) is an organic anion transporter (OAT) that belongs to a superfamily of solute carriers (SLC) and mediates transport of a wide spectrum of molecules across cells, with predominant expression in the liver [24] . SLC22A9 was shown to transport steroid conjugates, estrone-3-sulfate (E3S) and dehydroepiandrosterone sulfate (DHEAS) in exchange for butyrate, and can mediate the exchange of sulfated organic components against short-chain fatty acids in hepatocytes [25] . Interestingly, all known TH transporter proteins are members of the same SLC gene superfamily as SLC22A9 [26] , including organic anion transporter polypeptides (OATPs), monocarboxylate transporters MCT (SLC10A2 and SLC16A10), and the sodium/taurocholate cotransporting polypeptide (SLC10A1) [27, 28] . However, SLC22A9 has not yet been reported. SLC22A9, like other OATs, is predicted to have 12 α-helical transmembrane domains with intracellular termini showing a similar structure to SLC members OATPs [29] . Majority of OATPs facilitate uptake of THs. They are liver-specific proteins localized in the basolateral membrane of hepatocytes [30, 31] , as well as SLC22A9. OATPs facilitate not only the transport of T4, T3, and rT3 but also their sulfates-T4S, T3S, and rT3S [32] [33] [34] as well as steroid conjugates (E3S and DHEAS) [35, 36] , showing substrate similarity to SLC22A9. Compared to other OAT subtypes, SLC22A9 exhibits more specific substrates selectivity, specifically sulfate conjugates [25] , and sulfation of THs is shown to be an important part of TH metabolism [37] .
Polymorphisms in genes encoding TH transporters are likely to affect the transport function of these proteins and consequentially the TH concentrations [28] . However, most of the studies exploring the association of genetic polymorphisms of the TH transporters, and TH concentrations had limited sample sizes and inconsistent results [36] [37] [38] [39] . Some basic and clinical studies suggest that although many TH transporters have been identified, there are other TH transports yet to be discovered [28] . The association of variants within SLC22A9 gene with T4 levels and T3/T4 ratio implies that SLC22A9 could be a novel TH transporter protein. However, its relevance in vivo needs to be shown. Moreover, the SLC22A9 is predominantly expressed in the liver where a large proportion of T4 is uptaken and being converted to T3 in hepatocytes [5] . Further analysis will be needed to clarify our findings. It should also be stressed that detected SNPs are low-frequency variants and studies with bigger sample size will be beneficial. Unfortunately, as we are not aware of any other genotyped cohorts with measurements of the T4 hormone, we could not replicate our findings.
This region includes other solute carrier genes-SLC22A10, SLC22A24, and SLC22A25-that are all part of the SLC gene superfamily. All these transporter genes, including SLC22A9, are encoded by the same gene cluster and are highly similar by sequence comparisons [40, 41] . SLC22A10 and SLC22A25 genes have restricted expression to the liver, while SLC22A24 was identified in the kidney [40, 42] . Exact substrates and functions of transporter proteins they encode remain to be clarified [43] . Ruth et al. reported an upstream genetic variant from SLC22A9 gene, located in SLC22A10, suggestively associated with progesterone levels in a GWAS of sex hormone-related phenotypes [44] .
Apart from our main finding, we detected two suggestively associated loci with T3/T4 ratio and three with T3 levels. PRKCE encodes for a protein that belongs to a family of serine-and threonine-specific protein kinases. High PRKCE expression showed an association with papillary thyroid tumor development [45] . ZMIZ1 encodes a member of the PIAS (protein inhibitor of activated STAT) family of proteins that regulate the activity of various transcription factors [46] . Tuccilli et al. demonstrated that the expression of ZMIZ1 was deregulated in most PTC tissues, likely contributing to the tumor progression [47] . Other suggestively associated genes do not have a clear connection with the physiology of the thyroid gland. RAB38 plays an important role in the control of melanin production and melanosome biogenesis [48] and the maturation of phagosomes [49] . KPNA3 encodes a protein that belongs to the importin alpha family and is involved in nuclear protein import [50] .
The main limitations of our study are the absence of a suitable replication cohort for the total TH analyses and modest sample size. On the other hand, the strength of our study represents the careful selection of participants. Since we had available phenotype information on measurements of fT3, fT4, TSH, Tg, TgAb, and TPOAb, we excluded all individuals whose hormone values were not within the reference range, or had positive TPO or Tg autoantibodies, leaving only healthy individuals with no thyroid dysfunction. Likewise, the study sample represented the ethnically homogeneous Croatian population. In any case, further research is needed to confirm our findings and to discover additional genetic variants underlying total TH levels.
In conclusion, our study revealed a novel association of SLC22A9 genetic variants with T4 levels and T3/T4 ratio. This is an interesting finding from a biological perspective since SLC22A9 encodes for a transport protein found predominantly in the liver where a large amount of T4 is uptaken by tissue cells to be converted to T3. Moreover, all known TH transport proteins belong to the same superfamily as SLC22A9. To clarify SLC22A9 role in TH transport, replication of our findings is needed as well as studies exploring its relevance in vivo.
